Background: Adipose and muscle tissues express an insulin-sensitive glucose transporter (GLUT4). This transporter has been shown to translocate from intracel-
INTRODUCTION
Insulin lowers the concentration of glucose in the blood; failure to do so causes the rapid onset symptoms of diabetes. Insulin's ability to lower blood glucose levels is partly explained by an increase in the transport of glucose into muscle and adipose tissue. The mechanism involves an insulin-triggered re-localization of glucose transporter type 4 (GLUT4) from intracellular storage sites to the plasma membrane of cells (1, 2) . Fol-lowing homogenization of unstimulated cells, GLUT4 is recovered mainly in the microsomal fraction, but in insulin-stimulated cells up to half of the cellular GLUT4 is recovered in the plasma membrane fraction. The appearance of GLUT4 in the plasma membrane fraction precedes the increase in glucose uptake, suggesting that there might be a delayed activation of GLUT4 (3) (4) (5) . It has also been found that GLUT4 exists in the plasma membrane in both surface-accessible and -nonaccessible states (4, (6) (7) (8) (9) (10) (11) .
We now report that in rat adipocytes insulin induced a rapid translocation of GLUT4 to the plasma membrane fraction, followed by a slower 368 Molecular Medicine, Volume 2, Number 3, May 1996 transition of GLUT4 to a detergent-resistant and caveolae-rich fraction within the plasma membrane. Appearance of transporters in this caveolae-rich fraction closely and reversibly paralleled glucose uptake by the cells, suggesting that glucose transport is functional in this fraction of the plasma membrane.
Caveolae form non-clathrin-coated invaginations of the plasma membrane of many cell types and are particularly abundant in adipocytes (12, 13) . We have previously shown that a phosphatidylinositol-glycan precursor of potential second messengers of insulin is concentrated in the detergent-insoluble caveolae-rich fraction of adipocyte plasma membranes (14) . 3 .5% (w/v) bovine serum albumin, 100 nM phenylisopropyladenosine, 0.5 U/ml adenosine deaminase without or with 0.5 mM D-glucose, at 37°C on a shaking water bath (16 (3, 18) . The microsomal fraction was pelleted by centrifugation of the 16,000 X g supernatant at 160,000 X 9 (average) for 60 min (Beckman SW41 rotor).
MATERIALS AND METHODS

Materials
Aliquots of the plasma membrane fraction in 25 mM HEPES, pH 7.1/0.15 M NaCl were treated with 1% (w/v) Triton X-100 for 30 min. To thus solubilized plasma membranes was added solid sucrose to 40% and layers of 25 and 0% sucrose were successively layered on top of it. After centrifugation at 200,000 X g (average) for 6.5 hr (Beckman TLS-55 rotor), the material floating at the 25-0% interface was collected and referred to as the caveolae-rich fraction (19, 20 
RESULTS
Freshly isolated rat adipocytes were incubated either in the presence or absence of 5 nM insulin for 10 min prior to homogenization and subcellular fractionation. As expected, insulin caused an increase of GLUT4 protein in the plasma membrane (Fig. 1, Lanes 1 and 2 ) and a decrease in the microsomal fraction (Fig. 1 , Lanes 5 and 6). This was followed by enhanced transport of glucose into the cells, with half-maximal transport occurring with about 40 pM insulin (not shown).
A portion of GLUT4 in the plasma membrane fraction was insoluble in the detergent Triton X-100 (Fig. 1 , Lanes 3 and 4) and incubation with insulin caused an increase in the amount of GLUT4 in this detergent-insoluble fraction of the plasma membrane (Fig. 1, Lanes 3 and 4) . The detergent-insoluble plasma membrane fragments were isolated after ultracentrifugal floatation and characterized as being plasma membrane fragments enriched in caveolae structures. The fraction of GLUT4 in the plasma membrane which we recovered in the detergent-insoluble fraction of unstimulated cells was 5 ± 0.3% (mean ± SEM; n = 3). The caveolar-marker protein caveolin also increased in the plasma membrane and in the detergent-insoluble fraction in response to insulin treatment (Fig. 1) . plasma membrane, and on the stimulation of glucose uptake were examined. Following addition of insulin, the amount of GLUT4 rapidly decreased in the microsomal fraction, and in parallel there was a rapid increase (t412: ca. 3 min) in the amount of GLUT4 in the plasma membranes (Fig. 2) . In the detergent-insoluble fraction of the plasma membranes, the amount of GLUT4 increased more slowly (t412: ca. 7 min). The increase in glucose uptake coincided with the accumulation of GLUT4 in the detergent-insoluble fraction of the plasma membrane, but not with the considerably more rapid appearance of transporters in the plasma membrane as a whole (Fig. 2) . The level of GLUT4 remained elevated in this detergent-insoluble fraction of the plasma membrane (as well as in the plasma membrane as a whole) for at least 20 min (the longest time period studied).
The stimulatory effect of insulin on glucose transport is counteracted by addition of isopro- 20 min, at which point 1 ,uM isoproterenol and 0.5 U/ml adenosine deaminase were added. Cells were then sampled at the indicated time points. Subcellular fractionation, immunoblotting, the amount of GLUT4, and glucose transport were determined as in the legend to Fig. 2 . Results of GLUT4 quantitation mean ± SEM (n = 3 separate experiments) and for glucose uptake (mean ± SEM, n = 3 separate experiments) are expressed as percent of maximally insulin-stimulated controls ( terenol in combination with adenosine removal by adenosine deaminase (10) . The effects of this treatment on the distribution of GLUT4 was determined in cells that had been maximally stimulated with 5 nM insulin for 20 min. The combination of isoproterenol and adenosine deaminase rapidly reversed insulin-stimulated glucose transport by 40%. In parallel, GLUT4 disappeared from the detergent-insoluble fraction and from the plasma membrane as a whole (Fig. 3) .
The detergent-insoluble fraction of the plasma membrane was isolated from the purified plasma membranes and characterized. It had several characterstics of isolated caveolae (21) , as demonstrated by: (i) its insolubility in Triton X-100; (ii) its floatation during density-gradient ultracentrifugation; (iii) the presence of the caveolar-marker protein caveolin (Fig. 1) , which is known to be abundant in adipocytes' caveolae (12, 13) ; and (iv) the absence of Na,K-ATPase, a plasma membrane protein not present in caveolae (Fig. 1) . In a previous study by our group, this fraction had been further described (14) , showing that in nonstimulated adipocytes the caveolar-marker protein caveolin was 8-fold enriched compared with plasma membranes, and it contained less than 10% of the plasma membrane protein with a different protein pattern after SDS-PAGE.
DISCUSSION
The findings reported here demonstrate that GLUT4 is translocated to the plasma membrane in response to insulin and then to specialized regions of the plasma membrane, which may represent caveolae, where glucose uptake appears to take place. Although the detergent-resistant fraction of the plasma membrane may not necessarily correspond to caveolae alone, it should represent functional and most likely also physical microdomains of the plasma membrane. These are exciting findings in light of our recent localization of a phosphatidylinositol glycan, which may be involved in insulin signaling to the same caveolae-rich fraction (14) . It is pertinent to point out that biochemical studies of GLUT4 localization, commonly involving solubilization with nonionic detergent and centrifugal removal of insoluble material prior to GLUT4 quantitation, may exclude GLUT4 present in the detergent-insoluble fraction from quantitation. There has been some question as to whether a detergent-resistant fraction of the plasma membrane corresponds to morphologically defined caveolae (21) . Recently, however, it was carefully demonstrated that the proteins, including glycosylphosphatidylinositol-linked proteins, contained in caveolae isolated as a detergent-insoluble fraction are also found in caveolae isolated by a procedure totally avoiding detergents (22 Our findings indicate that the following events occur during insulin stimulation of glucose uptake: (i) a rapid change of the steady-state distribution of GLUT4 from intracellular loci to the plasma membrane; (ii) a slower transition of GLUT4 into a specialized region of the plasma membrane, which may correspond to caveolae; and (iii) enhanced glucose uptake. This provides a mechanistic explanation for the long-standing discrepancy between the rapid increase of GLUT4 in the plasma membrane and the slower increase of glucose uptake (3) (4) (5) . A number of investigations have indicated that the glucose transporter exists in two states in the plasma membrane: one which is surface accessible and one occluded (4, (6) (7) (8) (9) (10) (11) . Our findings now indicate that the surface-accessible transporters in the plasma membrane may correspond to transporters localized to the detergent-insoluble fraction and furthermore that these correspond to actively transporting GLUT4. In addition, the results suggest that in response to insulin GLUT4 rapidly appears at the plasma membrane in a nontransporting state, likely corresponding to occluded transporters that have not yet reached the detergent-insoluble region.
